Abstract. Clouds composed of both ice particles and supercooled liquid water droplets exist at temperatures above ∼236 K. These mixed phase clouds, which strongly impact climate, are very sensitive to the presence of solid particles that can catalyse freezing. In this paper we describe experiments to determine the conditions at which the clay mineral kaolinite nucleates ice when immersed within water droplets. These are the first immersion mode experiments in which the ice nucleating ability of kaolinite has been determined as a function of clay surface area, cooling rate and also at constant temperatures. Water droplets containing a known amount of clay mineral were supported on a hydrophobic surface and cooled at rates of between 0.8 and 10 K min −1 or held at constant sub-zero temperatures. The time and temperature at which individual 10-50 µm diameter droplets froze were determined by optical microscopy. For a cooling rate of 10 K min −1 , the median nucleation temperature of 10-40 µm diameter droplets increased from close to the homogeneous nucleation limit (236 K) to 240.8 ± 0.6 K as the concentration of kaolinite in the droplets was increased from 0.005 wt% to 1 wt%. This data shows that the probability of freezing scales with surface area of the kaolinite inclusions. We also show that at a constant temperature the number of liquid droplets decreases exponentially as they freeze over time. The constant cooling rate experiments are consistent with the stochastic, singular and modified singular descriptions of heterogeneous nucleation; however, freezing during cooling and at constant temperature can be reconciled best with the stochastic approach. We report temperature dependent nucleation rate coefficients (nucleation events per unit Correspondence to: B. J. Murray (b.j.murray@leeds.ac.uk) time per unit area) for kaolinite and present a general parameterisation for immersion nucleation which may be suitable for cloud modelling once nucleation by other important ice nucleating species is quantified in the future.
Introduction
In the absence of appropriate ice nuclei, cloud water droplets will supercool to around 236 K at which temperature they spontaneously freeze. The presence of suitable solid particles, known as ice nuclei, can heterogeneously catalyse ice formation at much higher temperatures. Ice nuclei tend to be rare in comparison to cloud condensation nuclei (DeMott et al., 2003a (DeMott et al., , 2010 and ice particles resulting from heterogeneous nucleation may grow at the expense of any unfrozen droplets. This results in a shift to lower number densities of larger particles which has a profound impact on cloud lifetimes and radiative properties as well as precipitation (Pruppacher and Klett, 1997; Lohmann and Feichter, 2005) . Hence, a fundamental understanding of ice nucleation by atmospherically relevant ice nuclei is key for quantifying the role of clouds in the climate system and the hydrological cycle.
Heterogeneous freezing has been hypothesised to occur in four different modes: deposition nucleation, condensation freezing, immersion freezing, and contact freezing (Vali, 1985; Pruppacher and Klett, 1997) . Deposition nucleation occurs when vapour adsorbs onto a solid surface and is transformed into ice. It is thought to be less important than the other mechanisms in mixed phase clouds (Lohmann and Diehl, 2006) , but is likely to be important in upper tropospheric ice clouds (DeMott, 2002) . Immersion freezing Published by Copernicus Publications on behalf of the European Geosciences Union. occurs when ice nucleates on a solid particle immersed in a supercooled liquid droplet, whereas condensation freezing occurs when water vapour condenses on to a solid particle and then freezes. The distinction between immersion and condensation modes is subtle, since the most likely route for immersing a particle inside a droplet is through condensation on that particle. Contact freezing occurs when a solid particle collides with a supercooled liquid droplet, resulting in ice nucleation. Immersion mode and contact freezing are thought to be most important in many mixed phase clouds (Lohmann and Diehl, 2006; de Boer et al., 2010) . Nucleation of ice or droplets directly from the vapour phase without the need for aerosol is not thought to be important in the troposphere, but may be important in the mesosphere (Murray and Jensen, 2010) .
The identity, concentration, global distribution and the efficiency with which potential ice nuclei catalyse ice formation are all poorly quantified at present. Mineral dust is known to be an important class of ice nuclei and is transported many thousands of miles from arid source regions (DeMott et al., 2003b; Sassen, 2005) . On the order of 10 15 g of dust particles with diameters less than 10 µm are injected into the Earth's atmosphere per annum from surface sources such as deserts (Denman et al., 2007) . Approximately 50% of the dust from Asia is transported as far as the Pacific and continental USA (Zhang et al., 1997) . African dust is known to be transported over the Atlantic and is found in the Caribbean (Usher et al., 2003; Glaccum and Prospero, 1980) and 40 million tons of African dust is transported annually to the Amazon basin where it acts as an important fertiliser (Koren et al., 2006) . Furthermore, there has been a two to four fold increase in airborne mineral dust in the North Atlantic region since the 1960s and this is possibly linked to human activities (Mahowald and Kiehl, 2003) .
Ice nucleation on mineral dust is known to impact cloud formation on a planetary scale, but its quantitative impact on climate and precipitation remains poorly defined (Denman et al., 2007) . Mineral dust suspended in the Earth's atmosphere is made up of a range of minerals (Glaccum and Prospero, 1980; Kandler et al., 2007) ; however the ice nucleating potential of individual minerals is poorly characterised. Early studies where residues of snowflakes were analysed by electron microscopy demonstrated that clay minerals were present inside 28 to 88% of snowflakes, depending on location (Pruppacher and Klett, 1997) . More recently, single particle mass spectrometry has shown that mineral dusts and metallic particles are substantially enhanced in the fraction of aerosol that nucleate ice heterogeneously, relative to the background aerosol (DeMott et al., 2003a, b; Richardson et al., 2007; Mertes et al., 2007; Pratt et al., 2009) . Richardson et al. (2007) demonstrated that mineral dust represented only a few percent of the total background aerosol, but represented ∼1/3 of the particles that served as ice nuclei in mixed phase clouds. showed that, in the Amazon region where ice nucleation is dominated by biogenic material above 248 K, ice nucleation on mineral dust becomes increasingly important below 246 K.
In the first global modelling sensitivity study of its kind, Lohmann and Diehl (2006) studied the impact of two clay minerals on stratiform mixed phase clouds and found the subsequent radiative forcing to be between 1.0 and 2.1 W m −2 ; comparable to the forcing by anthropogenic CO 2 (1.7 W m −2 ). In addition, Lohmann and Diehl (2006) demonstrated that there is a strong sensitivity to dust type, of 1.1 W m −2 , in going from montmorillonite to kaolinite. The parameterisation of immersion mode nucleation Lohmann and Diehl (2006) used in their global modelling study was based on experimental data reported in the 1960s (Hoffer, 1961) and 1970s (Pitter and Pruppacher, 1973) . In neither of these papers was the quantity or surface area of mineral dusts present in their droplets reported and the nucleation temperatures quoted for the same minerals varied by 5-10 K between the papers. The parameterisation therefore did not include a surface area or time dependence partly because this information was not available and partly as a simplification for the purpose of modelling.
In this paper we present measurements of the efficiency with which the clay mineral kaolinite nucleates ice when immersed in water droplets. We show that the median freezing temperature of droplets containing kaolinite scale with the surface area of the solid inclusion. We also report ice nucleation under isothermal conditions which shows that nucleation by kaolinite in the immersion mode is time dependent. Our data is then fitted to the stochastic, singular and modified singular models for comparison. Finally, we outline a multiple component stochastic model which may be useful for modelling, once temperature dependent nucleation rate coefficients are determined for the major atmospherically relevant ice nuclei.
Methodology
The equipment used to make these measurements has been described previously and has been used to investigate homogeneous freezing , heterogeneous freezing by meteoric smoke , freezing of water in jet aviation fuel (Murray et al., 2011) and phase changes in iodic acid solutions (Kumar et al., 2010) . Briefly, the droplets were supported on a hydrophobic surface positioned on a custom made cold stage which was coupled to a commercial optical transmission microscope with a 10x objective. For these experiments we could control the cooling rate between 0.8 to 10 K min −1 and also hold the temperature constant for up to ∼70 min. Droplet freezing temperatures/times were determined from images recorded using a digital camera coupled to the microscope. We estimate that our temperature uncertainty is 0.6 K which accounts for the random error from the thermocouple and the uncertainty in timing between the video and temperature measurement log.
In order to measure ice nucleation quantitatively, special care was taken in generating the droplets. Droplets containing a known quantity of mineral dust were produced using a home-made nebuliser similar in design to one used by Pant et al. (2006) . The nebuliser did not become blocked by clay particles for the range of concentrations of the dust-in-water suspensions used in these experiments. The concentration of dust in the suspensions was determined gravimetrically and the dust was suspended by mixing for at least 12 h with a magnetic stirring bead. We did not use more vigorous mixing methods, such as high speed mixers or sonic baths, in order to minimise modification of the dust grains. The suspensions were produced using ultra-pure water (18.2 M ).
The suspensions were nebulised into a chamber which was maintained at water saturation by means of an additional saturated flow of nitrogen gas. This ensured that the droplets did not grow or shrink through evaporation or condensation once they exited the nebuliser. We therefore assumed that the mineral dust concentration was fixed at the value of the original suspension. Droplets were then allowed to settle onto a glass cover slip which was placed within the chamber. The borosilicate glass cover slip was coated with a hydrophobic organosilane. This substrate had a contact angle of 100 • and ensured the surface did not interfere with ice nucleation (Dymarska et al., 2006; Knopf and Lopez, 2009; Koop et al., 1998; Eastwood et al., 2009; . The same procedure was used to examine homogeneous nucleation and the resulting nucleation rates were in good agreement with literature data, thus confirming that the surface did not initiate crystallisation .
Two styles of experiment were performed, one in which droplets were surrounded by N 2 gas and the other where droplets were encased in silicone oil. In the former experiment, a second cover slip with a spacer was placed over the first cover slip to encase the droplets in the N 2 -filled space between the cover slips (i.e. the droplets were not in contact with the top cover slip). The amount of water vapour around the droplets was insufficient to significantly alter the concentration of the clay in the droplets as the cell was cooled, hence the dust concentration was fixed. This approach was used for experiments with a cooling rate of 10 K min −1 . However, for cooling rates slower than 10 K min −1 mass transfer from supercooled droplets to frozen droplets resulted in liquid droplets shrinking and sometimes disappearing. To prevent mass transfer from supercooled water to ice particles a drop of silicone oil was placed over the water droplets with a pipette. This encased the droplets in oil and greatly reduced mass transfer on the timescales explored here and allowed experiments with slower cooling rates than was otherwise possible. Droplet-containing cells were then transferred to the cold stage where ice nucleation was measured. In some cases freezing resulted in a spike of ice breaking out of the freezing droplet. This did not occur when droplets were surrounded by N 2 gas. Any supercooled droplets that happened to be close enough to come into contact with a spike also froze, and care was taken to disregard these droplets from our analysis. It is shown below that nucleation rate coefficients from experiments with and without oil are in good agreement.
Materials
Our approach was to measure the ice nucleating efficiency of a well characterised kaolinite sample which was predominantly composed of a single mineral. Natural dusts and Arizona Test Dust (ATD), the commonly employed proxy for natural dusts, are complex mixtures of minerals and each mineral may have distinct ice nucleating characteristics. Marcolli et al. (2007) also suggest there is dependence on the size distribution of mineral particles. The kaolinite (Al 4 (OH) 8 Si 4 O 10 ) used in this study was sourced from the Clay Mineral Society. This society make available well characterised clay mineral samples for research purposes which have not been acid washed or otherwise chemically treated (see Costanzo et al. (2001) and related special issue), unlike clays from chemical companies sometimes employed in other studies (Zuberi et al., 2002; Lüönd et al., 2010) . We used Kaolinite KGa-1b and pertinent details are given in Table 1 .
Results
Using the optical microscope images we determined the number of droplets frozen as a function of temperature during cooling and as a function of time at constant temperature. Only droplets in the 10-50 µm size range were considered and in many experiments there were sufficient droplets to split the data into much smaller size bins (the minimum number of droplets per size bin was 16, but there were usually many more; see Table 2 ). The fraction frozen is defined as f ice (T ) = n(T ) /N 0 , where n(T ) is the number of droplets frozen at temperature T and N 0 is the initial number of liquid droplets. Plots of f ice for pure water droplets (from ) and droplets containing kaolinite (i-vi: all for 10-40 µm diameter droplets) are shown in Fig. 1 . The cooling rate for all the runs shown in Fig. 1 was 10 K min −1 .
Pure water droplets (10-40 µm) were previously found to freeze homogeneously with a median freezing temperature (T f ) of 235.5 ± 0.6 K for a cooling rate of 10 K min −1 using the apparatus employed here . In contrast, droplets containing kaolinite froze between 235.5 ± 0.6 K and 240.8 ± 0.6 K (median freezing temperatures when cooled at 10 K min −1 ) depending on the concentration of kaolinite present; the more kaolinite the higher the freezing temperature. This is illustrated in Fig. 2 , which shows that T f increased with increasing surface area of kaolinite within the droplets for a constant cooling rate. The surface area of kaolinite was varied by changing the concentration of kaolinite suspended in the droplets and holding (Gregg and Sing, 1982) . b AFM = Atomic force microscopy. c EGME = Ethylene Glycol Monoethyl Ether adsorption. 
Fraction of droplets frozen Temperature / K Fig. 1 . Fraction of droplets frozen as a function of temperature as water droplets containing known concentrations of kaolinite were cooled down at 10 K min −1 . Median droplet size was held almost constant in these experiments (see Table 2 ). The data for pure water (homogeneous) is from . the median droplet volume almost constant (the volume varied by less than a factor of two in a non-systematic manner for the runs at 10 K min −1 , see Table 2 ). In some model parameterisations Pruppacher and Klett, 1997; Bigg, 1953) , ice nucleation is defined in terms of droplet volume; whereas in others nucleation is related to surface area within droplets (Hoose et al., 2010; Curry, 2005, 2004; Phillips et al., 2008) . For kaolinite, Fig. 2 shows that nucleation probability is related to the surface area of the solid particles suspended within the droplets. The median freezing temperature (T f ) as a function of the kaolinite surface area. The surface area is calculated for the median volume droplet, for cooling rate experiments which contained droplets in the 10-40 µm size range (i to vi). Experiments performed at 10 K min −1 (runs ii-vi) are shown in red and the red line is a fit to these data (T f = 2.75 log (σ + 266.7)). Run i was also performed at 10 K min −1 (shown in green) but was omitted from the fit since some of the droplets froze in a temperature regime in which homogeneous freezing was expected (see Fig. 1 ). For these experiments, the surface area of kaolinite inclusions was varied by changing the concentration of kaolinite suspended in water and the median volume of the droplets only varied within a factor of two between runs.
Experiments were also performed with cooling rates slower than 10 K min −1 in which droplets were surrounded by oil (see Table 2 for a summary). Two runs were performed at a constant cooling rate of around 5 K min −1 and in another run the cooling rate was varied throughout the experiment. The runs labelled viii to xi were performed with the same droplets of 1.0 wt% kaolinite, but where the droplets were initially cooled at a rate of 9.6 K min −1 , followed by a rate of 0.8 K min −1 . The droplets were then held at 242 K for 80 s before finally being cooled at 5.1 K min −1 to 228 K.
An additional sequence of experiments were performed where the droplets were cooled to a specific temperature and then held at that temperature. The fraction of droplets which were liquid (N (t)/N 0 ; where N (t) is the number of liquid droplets at time t and N 0 is the number of liquid droplets at the beginning of the isothermal experiment) is shown as a function of time during these isothermal experiments in Fig. 3 . The median droplet volume taking into account the contact angle of the droplets with the surface. b This is the equivalent diameter of spheres determined from the volume in the preceding column. c This is the radius of a spherical clay particle which would have the same surface area as the collection of smaller particles in a median droplet sized in our experiments. d Equal to the surface area per droplet divided by the surface area of a mean kaolinite particle. The mean spherical equivalent radius of particles is related to the specific surface area by radius = 3/density/specific surface area. The mean spherical radius was 0.097 µm for kaolinite using the density of 2.63 g cm −3 and the surface area of the mean spherical kaolinite particle is therefore 1.18 × 10 −9 cm 2 .
Comparison of freezing temperatures with literature data
There are only a handful of literature reports of immersion mode ice nucleation for kaolinite and this data is generally poorly quantified in terms of the amount of particulate material per droplet. Pitter and Pruppacher (1973) found a T f of 248 K for droplets contaminated with kaolinite particles. These droplets were 325 µm in radius and the clay particle diameter varied from 0.1 to 30 µm with a mode diameter of between 1-2 µm. Freezing occurred over a range of ∼14 K in contrast to our experiments where freezing occurred within ∼5 K for any one clay concentration and cooling rate. Hoffer (1961) reported median freezing temperatures of 240.7 K for ∼50 µm radius droplets containing an unknown quantity of kaolinite. This result, with droplets of a comparable size to our experiments, is within our concentration dependent spread of freezing temperatures.
Freezing of millimetre-sized droplets containing kaolinite was reported by Hama and Itoo (1953) . They quote a median freezing temperature of 263 K, although their freezing range overlapped with that for distilled water, indicating their water was not free of other ice nuclei. In general, the literature data suggests that the larger the droplets, the higher the freezing temperature. It is likely that the larger droplets simply contained a greater surface area of kaolinite and therefore froze at higher temperatures. Unfortunately, Hoffer (1961) , Pitter and Pruppacher (1973) and Hama and Itoo (1953) did not report the concentration of mineral dusts in their droplets.
In a recent study, Lüönd et al. (2010) report the fraction of droplets containing single particles of kaolinite which froze as a function of temperature. They size-segregated the clay particles and reported that 50% of droplets containing particles with a mobility diameter of 200 nm froze when held at 238 K for 14 s, while for 800 nm particles the same fraction froze at 240 K for the same residence time. Since Lüönd et al. (2010) did their experiments under different condition to ours we cannot make a comparison at this stage, but will revisit their article in Sect. 6.4.
Models of heterogeneous freezing applied to kaolinite
There are several models currently employed to describe heterogeneous nucleation and it is unclear which is the most suitable for describing ice nucleation by atmospherically relevant materials. The time-dependent stochastic model has been widely applied to homogeneous freezing (e.g. Krämer et al., 1999) and also in some cases to heterogeneous nucleation (e.g. Vonnegut and Baldwin, 1984) . However, for The decrease in the fraction of droplets which were liquid (N (t)/N 0 ) with time at constant temperature for a number of temperatures. N 0 is defined as the number of liquid droplets at the beginning of the isothermal experiment (i.e. excluding any droplets which froze during cooling to the isothermal temperature) and N(t) is the number of liquid droplets at time t. The temperature of the isothermal experiment (uncertainty = ±0.6 K) and the surface area per median sized droplet is given. The numbering in the key corresponds to the information in Table 2 . The straight lines are based on values of J k determined according to Poisson statistics and are discussed in Sect. 6.1.
the purpose of describing atmospherically relevant ice nuclei, it has been suggested that nucleation can be described by a model in which the time dependence can be neglected (e.g. Connolly, 2009 ). This model is known as the singular model and it is assumed that time dependence is negligible when compared to the difference in ice nucleating ability of different particles or active sites. The singular description has also been modified empirically to account for the time dependence of nucleation in the modified singular model (e.g. Vali, 1994) . In this section we interpret our data according to the stochastic, singular and modified singular models.
Stochastic model
Homogeneous nucleation of ice from liquid water is well described by the stochastic model of ice nucleation (Krämer et al., 1999; Pruppacher and Klett, 1997) . This description is underpinned by the concept of small clusters of the crystalline phase forming from the supercooled liquid phase, but only rarely attaining a size large enough to survive and grow into a macroscopic crystal. Most clusters remain unstable and dissipate back into the liquid phase. The probability of a critical cluster forming is greater for larger volumes of liquid and for longer periods of time. The rate (R) at which liquid droplets freeze can be defined as:
where dN is the number of liquid droplets of volume V which freeze in time t,J hom is the homogeneous nucleation rate coefficient and N is the number of liquid droplets. In a time interval from t 1 to t 2 , the number of liquid droplets will decrease from N 1 to N 2 :
This integration yields
where t = t 2 − t 1 . In this model the probability of droplets of the same volume (V ) remaining liquid (P = N 2 /N 1 ) is equal and a population of identical liquid droplets will decay with time in a manner analogous to the radioactive decay of atoms (Krämer et al., 1999; Stockel et al., 2005) : Experiments show that the homogeneous nucleation rate coefficient (J hom ) is strongly temperature dependent which leads to the probability of freezing increasing dramatically with decreasing temperature Pruppacher and Klett, 1997) .
When a suitable solid surface is present, nucleation can be catalysed if clusters of the new phase are stabilised by the presence of the solid. The stochastic model for homogeneous nucleation can be extended to heterogeneous freezing:
where J i is the heterogeneous nucleation rate coefficient of species i which we define as the nucleation events per unit surface area (σ ) of inclusion per droplet per unit time. When extending the homogeneous stochastic model to heterogeneous freezing by a single ice nucleating species it is assumed that the freezing probability is similar for all droplets in a distribution. This uniformity might come about if ice were to nucleate on either characteristic active sites which were evenly distributed amongst the particles (and therefore the droplets) or on the uniform crystal faces exposed on all particles. We refer to this model as the single component stochastic model. Since the number of droplets which freeze ( n) in a time increment is equal to N 1 -N 2 , the fraction of droplets frozen in t can be expressed:
If there were more than one particle type or a distribution of active sites then the total number of ice particles produced would be the sum of ice particles produced through nucleation on each ice nucleus type (Marcolli et al., 2007; Stoyanova et al., 1994) . We refer to this as the multiple component stochastic model and will expand on this discussion in Sect. 8.
When droplets containing kaolinite are cooled at a defined rate, the number of droplets which froze heterogeneously in a given time increment ( t) can be expressed by:
where N k is the number of liquid droplets containing kaolinite at the beginning of a time interval and J k is the temperature dependent nucleation rate coefficient for kaolinite (per unit area of clay per unit time). Using the experimental fraction of droplets frozen as a function of temperature during cooling (presented in Fig. 1 ) together with an estimate of the surface area per average droplet we can derive an average J k for small time intervals and therefore establish the temperature dependence of J k . The surface area of mineral dust in a droplet of median size was calculated from the concentration of mineral dust in the droplets in combination with the specific surface area of the clay mineral. The specific surface area of the kaolinite samples used here are reported in the literature and are summarised in Table 1 . We used the average values from a number of literature sources in our calculations. Gas adsorption techniques are in agreement with atomic force microscopy measurements of surface area for KGa-1b kaolinite (Bickmore et al., 2002) . The surface area of kaolinite per median droplet in our experiments was varied from 2.6 × 10 −8 to 2.7 × 10 −5 cm 2 , which corresponds to equivalent spherical kaolinite particles with radii between 0.45 and 14.6 µm (See Table 2 for a summary of the experimental parameters).
The median volume of the droplets for each experiment is presented in Table 2 together with the mean surface area of clay particles per droplet. For the 10 K min −1 cooling rate experiments, a t of 3 s was used to calculate temperature dependent nucleation rates. A shorter time interval would have had the advantage of improving the temperature resolution of J k , but each time bin would have included less freezing events and so increased the statistical error. Typically, a single experiment contained on the order of 10's of droplets (see Table 2 ) and between 1 and 35 freezing events were included in each time bin. J k was only reported for time intervals in which there was at least one freezing event within that time increment as well as in the following or preceding time increment. Hence, sporadic freezing events at the beginning and end of the fraction frozen curves (Fig. 1) were not included in the analysis. In addition, we only determined values of J k for data above 236.1 K since homogeneous nucleation becomes increasingly important below this temperature . Nucleation rate coefficients for kaolinite are shown as a function of temperature in Fig. 4 for the freezing data obtained at cooling rates of 10 K min −1 in similar sized droplets. In these experiments the surface area was varied by a factor of 200, but the nucleation rate coefficients all fall on a single line within the experimental uncertainty. This confirms that the nucleation probability is dependent on the surface area of kaolinite. In these experiments droplets were surrounded by N 2 gas rather than silicone oil. The black line is a fit to all the kaolinite nucleation data for a range of cooling rates in Fig. 5 . The vertical error bars were estimated based on the standard deviation in droplet volume and the specific surface area of the clay (see Table 1 ). The uncertainty in temperature was ±0.6 K. Figure 5 shows the nucleation rate coefficients determined from freezing experiments in which a range of cooling rates (0.8 to 10 K min −1 ) were employed. All the runs with cooling rates less than 10 K min −1 were done with droplets surrounded by oil in order to block mass transfer. The values of J k determined from the variable cooling rate experiments are consistent with those at 10 K min −1 and all the J k values obtained during cooling are fitted in Fig. 5 by a single line.
We have also plotted the nucleation rate coefficients determined from the isothermal experiments in Fig. 5 . According to Eq. (6) the number of identical liquid droplets containing a uniform distribution of heterogeneous ice nucleating particles will decrease exponentially with time. However, in order to take into account the time in which no nucleation events took place at the end of an isothermal run it is necessary to employ Poisson statistics as described by Koop et al. (1997) . They show that J = n/(t tot σ ) where t tot is the cumulative (total) observation time (see Koop et al., 1997) . Upper and lower confidence limits at the 99.9% confidence level (following Koop et al., 1997) are combined with uncertainties in σ associated with the distribution of droplet sizes to produce the error bars shown in Fig. 5 .
Using these nucleation rate coefficients we have plotted the rate of decay of liquid droplets according to Eq. (4) in Fig. 3 for comparison with the experimental data. For runs x and xiv the data is in very good agreement with Eq. (4), whereas for runs xiii and xv the agreement is less satisfactory. Run xiii is steeper initially (before 155 s), whereas run xv -vi) and are from droplets surrounded by N 2 gas. Data labelled vii to xi (and the isothermal experiments) was obtained with droplets surrounded by silicone oil to slow mass transfer form supercooled liquid droplets to frozen droplets. The run labelled vii in the key was a constant cooling run at 5 K min −1 with droplets containing 0.34 wt% kaolinite. Data labelled viii to xi were from the same droplet distribution (1.0 wt% kaolinite) which was initially cooled at 9.6 K min −1 , then at 0.8 K min −1 to 242 K where it was held for 80 s, and then to 228 K at 5.1 K min −1 . The black line is a best fit to all the cooling ramp data where ln J k = −0.8802 T + 222.17, which is valid between 236 and 245.5 K.
it is more shallow initially (before 2332 s). It is also worth noting that run x was relatively short and we cannot rule out a change in slope at longer times. A curve which is steeper initially would be expected if some droplets either contained a greater surface area of kaolinite or contained particles which were more efficient ice nuclei (i.e. a distribution of droplet freezing probabilities) (Koop et al., 1997) . This might explain the shape of run xiii, but is inconsistent with the other three runs. In fact, the curvature in run xv (more shallow initially) is the opposite to what one would expect from a distribution of droplet freezing probabilities. It is more likely that instability of the temperature over longer times led to either a positive or negative change in rate. Instability in temperature within our uncertainly limits (±0.6 K) would produce a change in slope of about a factor of three according to our measured J k (T ). In addition, nucleation in run xiii appears to occur in pulses which would be consistent with a temperature oscillation with nucleation occurring dominantly in the cold phase. Nevertheless, the isothermal data clearly shows that nucleation of ice by kaolinite immersed within water droplets is a time dependent process and that, given the uncertainties, the resulting values of J k are consistent with the nucleation values from the constant cooling experiments.
Singular description
Atmospheric aerosol particles are known to nucleate ice over a wide range of temperatures since there is significant particle to particle variability (Pruppacher and Klett, 1997) . Variability may arise from the diverse composition of atmospheric aerosol or from some particles possessing unique active sites on their surface. In order to describe this complex behaviour it has been suggested that the time dependence of nucleation is of secondary importance when compared to the particle to particle variability and the time dependence of nucleation is therefore neglected in the singular model (Martin, 2000; Pruppacher and Klett, 1997; Connolly et al., 2009) . According to this model each droplet will freeze at a characteristic temperature which will depend on the nature of the nuclei it contains. If all droplets contained identical nuclei then all droplets would freeze at the same temperature, whereas if there were a distribution of particle types randomly dispersed throughout the droplets then freezing would occur over a range of temperatures. The characteristic temperature is independent of cooling rate and in addition nucleation will only occur on cooling, ceasing if the temperature is held constant.
According to the singular model, the fraction of droplets frozen in a population of droplets containing the same surface area of solid inclusions can be expressed:
where n s (T ) is the number of surface sites per unit area which become active on cooling from 273 K to T (Connolly et al., 2009 ). Vali (1971 Vali ( , 1994 defines an equivalent parameter as the cumulative nucleus spectrum which is expressed per unit volume of liquid. The number of surface sites per unit area which become active as temperature is lowered by dT is expressed as k(T ). Hence, n s (T ) and k(T ) are related by:
is the differential ice active surface site density (k(T ) = dn s (T )/dT). Vali (1971 Vali ( , 1994 defined k(T ) as the differential nucleus spectrum (per unit volume per unit temperature). Using this model we have determined n s (T ) for our cooling ramp experiments and the resulting values are shown in Fig. 6a . In general, it appears that the slower the cooling rate, the higher the value of n s for any given temperature. This suggests there is a dependence on cooling rate, although this is weak in comparison to our experimental uncertainty. It was not possible to determine values of n s for the experiments where temperature was held constant since the singular model is time independent. Vali (1966 Vali ( , 1994 found that freezing temperatures of distilled water droplets containing unknown ice nuclei were dependent on cooling rate and that nucleation also continued when the temperature was held constant; these features are inconsistent with the singular model. In a later study Vali (2008) went on to show that the freezing temperature of individual droplets containing soil samples varied by several degrees around a characteristic temperature on repeating the freezing experiment with the same droplets; this is also inconsistent with the singular model. In addition the wide range of freezing temperatures and non-exponential decay of liquid droplets under isothermal conditions observed by Vali (1966 Vali ( , 1994 Vali ( , 2008 ) cannot be accounted for by the single component stochastic model. Vali (1994 Vali ( , 2008 proposed the modified singular model as a means of describing this complex behaviour.
Modified singular description
In order to account for the cooling rate dependence of the droplet freezing temperatures Vali (1994) modified the singular model by introducing a temperature offset α:
The variable α is the temperature offset from a freezing spectrum for a cooling rate of 1 K min −1 and is related to the cooling rate (r) with an empirical parameter β:
Vali (1994) calculated β to be 0.66 based on earlier observations of a 0.2 K change in mean freezing temperature with a factor of two change in cooling rate for the freezing of distilled water droplet (1966).
In Fig. 6b we have applied the modified singular model to our data. We found that a value of β of 2.01 provided the best fit between our data and a straight line fit. The R 2 was increased from 0.877 when β was set to zero (i.e. the standard time-independent singular model) to 0.938. Hence, the modified singular model provides an improved description of nucleation by kaolinite in the immersion mode compared to the singular model.
Discussion of heterogeneous ice nucleation models
The stochastic, singular and modified singular models have been employed to describe ice nucleation by kaolinite in the immersion mode. All three models can be used to approximately describe ice nucleation during cooling over the range of cooling rates employed here. However, the singular model is inconsistent with nucleation at constant temperature since it is a time-independent model. As an extension to the modified singular model Vali (1994) suggests that an additional term can be added when determining the total number of ice particles which form in order to account for nucleation under isothermal conditions. The stochastic model describes ice nucleation by kaolinite for a range of cooling rates and approximates nucleation under isothermal conditions with a single temperature dependent nucleation rate coefficient. Hence, we suggest that the stochastic model provides a more concise description of nucleation by kaolinite in the immersion mode.
In the past it has been shown that other materials also nucleate ice in a manner consistent with the stochastic model. Heneghan et al. (2002 Heneghan et al. ( , 2001 ) and Vonnegut and Baldwin (1984) repeatedly froze the same sample of water containing silver iodide crystals. They showed that the fraction of droplets remaining liquid decayed exponentially with time which is consistent with the stochastic model. Gerber (1976) showed that the number of liquid droplets contaminated with AgI particles decreased exponentially with time at 259 K for a range of particle sizes; this is also consistent with the stochastic model. In order to model the freezing of droplets contaminated with controlled amounts of Arizona Test Dust (ATD), Marcolli et al. (2007) employed classical nucleation theory with a log-normal distribution of contact angles. This is a multicomponent stochastic model in which particle to particle variability is accounted for in the distribution of contact angles. As is shown below in Sect. 7, nucleation by kaolinite can be described by a single contact angle, in contrast to ATD which is a mixture of minerals. In a study using dust collected from an urban location, Stoyanova et al. (1994) were able to model freezing of droplets containing this dust using a multi-component stochastic model by assuming three materials, with three distinct contact angles, dominated ice nucleation.
In a chamber study of ice nucleation by soot particles DeMott (1990) reported the fraction of droplets containing soot which froze as a function of temperature. On varying the cooling rate from 1 to 2 K min −1 there was no significant change in fraction frozen indicating that over this range of timescales nucleation by soot can be described by the singular model.
We discussed the results of Lüönd et al. (2010) in Sect. 5 and we can now compare the prediction of our stochastic model with their results (we use the parameterisations presented in Sect. 8 which are based on the data in Fig. 5) . Briefly, they found that 50% of droplets containing 800 nm diameter (based on electrical mobility) kaolinite particles froze when held at 240 K for 14 s. Using our model we would expect 50% of droplets containing 800 nm spherical particles to kaolinite to freeze at 235.7 K in this time. The surface area of the particles used by Lüönd et al. (2010) may be larger than an 800 nm spherical particle, but in order to match Lüönd et al.'s result the surface area of their particle would need to be ∼100 times larger. Alternatively, this discrepancy may be due to the different source of kaolinite used by Lüönd et al. (2010) . They used a sample from the chemical and analytical reagent supplier Fluka (parent company: Sigma Aldrich) which may have different properties to the sample from the Clay Minerals Society used here. Lüönd et al. (2010) fit a number of models to their data for the freezing of droplets containing kaolinite, but given the quoted uncertainties it was difficult to state which model worked best. However, they did suggest that the single component stochastic model worked least well.
Niemermeier et al. (2010) recently reported nucleation rate coefficients for Arizona Test Dust immersed in water droplets. In their study, Niedermeier et al. (2010) show that both stochastic and singular models can be used to fit the data. They find a J value of 10 7 cm −2 s −1 at 239 K, whereas we report a value of ∼10 5 cm −2 s −1 at the same temperature for kaolinite. This would appear to indicate that ATD, or at least the component of ATD which nucleates ice, is more active than the kaolinite used here. In both the studies of Lüönd et al. (2010) and Niedermeier et al. (2010) the residence time of the droplets in the cold chamber was held constant, but in order to test stochasticity variable time scales are necessary.
Fitting kaolinite ice nucleation rate coefficients to heterogeneous classical nucleation theory
In the absence of a solid surface, the energy barrier to the nucleation of an ice crystal from pure water (homogeneous nucleation) can be expressed by:
where γ is the interfacial energy between ice and supercooled water, ν is the molecular volume of water in ice, k is the Boltzmann constant and S is the saturation ratio with respect to ice. S is defined as P l /P ice , where P l is the equilibrium vapour pressure over a flat liquid water surface and P ice is the equilibrium vapour pressure over a flat ice surface. The temperature dependent heterogeneous nucleation rate coefficient (cm −2 s −1 ) can then be described by an equation in an Arrhenius form:
where A het is a pre-exponential factor in units of cm −2 s −1 and ϕ is the factor by which the presence of a solid surface reduces the height of the energy barrier relative to homogeneous nucleation. This factor can be expressed in terms of an ice nucleating efficiency parameter, m:
The parameter m is equal to cos θ, where θ is the contact angle of a spherical ice nucleus in contact with a flat surface. While this concept is useful in terms of deriving simple equations, its physical significance is unclear. Hence we report values of m which can be regarded as a quantitative, semi-empirical, measure of a substance's ability to nucleate ice. A value of m = 1 would correspond to a perfect ice nucleus (ϕ = 0), whereas a value of −1 would indicate that a surface does not nucleate ice (ϕ = 1). Combining Eqs. (11), (12), and (13) we see that the heterogeneous nucleation rate can be expressed as (Mullin, 2001; Pant et al., 2006; Parsons et al., 2006) :
Hence, over a narrow range of temperatures a plot of ln J verses T −3 (lnS) −2 yields a linear plot with slope
thus providing a means of determining m if γ is known, without the need to estimate A het . There are two crystalline phases of ice that can form at atmospheric pressures and therefore there are two possible solutions to this equation. The stable phase of ice has a hexagonal crystal structure (ice I h ), but there is also a metastable phase with a cubic crystal structure (ice I c ) which is thought to form under atmospherically relevant conditions Plane, 2003, 2005; Mayer and Hallbrucker, 1987) . Diffraction work has shown that ice I c with stacking faults is the phase to nucleate and crystallise from pure water droplets when they freeze homogeneously (Huang and Bartell, 1995; Bertram, 2006, 2007a; and also when solution droplets freeze homogeneously (Murray, 2008; Bertram, 2007b, 2008; . Unfortunately, diffraction studies of droplets freezing heterogeneously have not been done, so it is not known which phase nucleates and initially crystallises.
Ostwald's rule of stages states that a metastable phase should nucleate in preference to a more stable phase (Mullin, 2001; . Indeed, the interfacial energy of the ice I c -supercooled water interface is smaller than that of ice I h ; this favours the nucleation of ice I c in the case of homogeneous nucleation. However, in the case of heterogeneous nucleation by clay particles we also have to consider the clay -ice interfacial energy, which might favour one or other of the phases depending on how well the respective cluster fits to the structure of the solid surface. In addition, the value of S is larger for ice I h than ice I c since the latter is metastable (Shilling et al., 2006) . Hence, the thermodynamic potential is greater for the more stable phase and above a certain temperature the rate at which ice I h nucleates will exceed that at which ice I c nucleates. Since we cannot categorically state which phase nucleates first we analyse our data for both phases in turn. This involves using the appropriate values of γ and S for each phase.
Assuming hexagonal ice nucleates. We take a value of 33 ± 3 mJ m −2 for the supercooled water -ice I h interfacial energy (γ Ih ) which is based on measurements at 273 K (Hobbs, 1974) . The temperature dependence of this value is thought to be weak (Huang and Bartell, 1995) . The saturation ratio with respect to ice I h , S Ih , is equal toP liq /P Ih , where P Ih is the vapour pressure over a flat ice I h surface. Values of P liq and P Ih are taken from the review of Murphy and Koop (2005) . The molecular volume is identical within experimental uncertainty for both ice phases (Dowell and Rinfret, 1960) , and we use the parameterisation from Murray and Jensen (Murray and Jensen, 2010) .
The resulting plot of ln J k vs. T −3 (ln S Ih ) −2 is shown in Fig. 7 . These plots yield m Ih for kaolinite of 0.59 ± 0.01, which corresponds to contact angles of 54.1 ± 0.6 • and ϕ of 0.110 ± 0.004.
Assuming cubic ice nucleates. The supercooled water -ice I c interfacial energy (γ Ic ) was recently determined through homogeneous freezing experiments to be 20.8 ± 1.2 mJ m −2 at 235.8 K and has a weak temperature dependence. The homogeneous freezing experiments were performed using the same equipment and similar procedures to those employed in the present study. The saturation ratio with respect to ice I c , S Ic , is equal to P liq /P Ic , where P Ic is the vapour pressure over a flat ice I c surface. The difference in free energy between the two phases ( G h→c ) was determined at 180-190 K from relative vapour pressure measurements to be 155 ± 30 J mol −1 (Shilling et al., 2006) . If we assume G h→c is temperature independent, we can approximate the temperature dependence of P Ic as P Ih exp ( G h→c /RT) (Murphy, 2003; Murphy and Koop, 2005; . The plot in Fig. 7 yields m Ic for kaolinite of 0.45 ± 0.01, which corresponds to contact angles of 63.1 ± 0.7 • and ϕ of 0.184 ± 0.006.
Parameterisations to describe ice nucleation in the immersion mode
Real atmospheric aerosols are a complex mixture of many species which may nucleate ice. The proportions of each component will not only vary in space and time in the present atmosphere, but have also changed in the past and will likely change in the future. Ideally, we would like to be able to predict the number of ice particle produced through the immersion mode under a given set of atmospheric conditions taking into account time (cooling rates) and also the surface area of solid inclusions. Here we set out a multi-component stochastic model which may provide a means with which to achieve this goal and show how the data obtained in the present study represents a first step in this direction. If a droplet contains a single ice nucleus species i it could freeze either homogeneously or heterogeneously. The total rate of freezing of liquid droplets in a population of similar droplets all containing particle i will be the sum of the rate of homogeneous and heterogeneous nucleation:
where the number of liquid droplets containing species i with surface area σ and of volume V is N i .
Integrating this equation between t 1 and t 2 yields
and since n = N i,1 -N i,2 we can state
where the subscript 1 and 2 indicate the number of remaining liquid droplets at the beginning and end of the time increment (N i varies with time as droplets freeze). If there is more than one ice nucleus type per droplet (i = 1, 2, 3...) then the formation of ice particles can be described using a more general equation
In the atmosphere, a cloud may consist of multiple droplet populations (y) each with different ice nuclei species (i = 1 or 2 or 3, etc.) or combinations of species internally mixed (i = 1, 2, 3 or 2, 4 or 3, 4 etc.). The total number of populations required to approximate freezing in a particular cloud is unclear, but ice formation in each population would be described by:
In addition, there may be a population which contain no ice nuclei (y = 0), which can only freeze homogeneously:
The total ice particle production in a time step would be the sum of ice production in all populations containing ice nuclei (y > 0) and the population not containing any ice nuclei (y = 0)
This multiple component stochastic model therefore allows the determination of the number of ice particles which will be produced for any combination of heterogeneous ice nuclei (internally or externally mixed). In order for this multiple component stochastic model to be applied, the temperature dependent nucleation rates for each type of atmospherically relevant ice nuclei will need to be determined. In combination with information about the composition of atmospheric aerosol this model will allow the prediction of ice particle production rates for a given set of meteorological conditions. The global distribution of some IN has been estimated and has been used in global modelling studies of ice formation in clouds (Hoose et al., 2008 (Hoose et al., , 2010 Claquin et al., 1999) .
The temperature dependent nucleation rates for homogeneous nucleation and heterogeneous nucleation on kaolinite particles, based on our data, are given by the following formula:
] = exp(−2.92 T + 706.5) (234.9−236.7 K) (23)
The homogeneous nucleation rate coefficient is taken from whereas the rate coefficient for kaolinite is from the fit to the data in Fig. 5 . The temperature ranges over which measurements have been made is given in brackets; extrapolation of these rate coefficients to other temperatures should be done with caution. In the future it may be sensible to use classical nucleation theory to parameterise this data (Chen et al., 2008; Hoose et al., 2010) , but it would be desirable to validate such a parameterisation with experiments over a wider range of conditions. To show that these Eqs. (16-24) are self consistent with our experimental data we have plotted the parameterised and experimental f ice (T ) for kaolinite in Fig. 8 . The total number of frozen droplets (n(T )) is the total number of droplets which froze on cooling to T at a defined cooling rate. We calculate n(T ) by determining dn for appropriately small increments in temperature and summing the number of droplets which froze at each increment on cooling. The resulting values of f ice (T ) are in good agreement with our data (see Fig. 8 ).
Inspection of f ice (T ) for 0.005 wt% kaolinite in Fig. 8 reveals that homogeneous nucleation competes with heterogeneous nucleation on the kaolinite particles. The dotted line is f ice (T ) for heterogeneous nucleation on kaolinite only and this under predicts the experimentally determinedf ice below 236 K. We have also included f ice for homogeneous freezing only (dashed line). The rate at which droplets freeze homogeneously exceeds that at which they freeze heterogeneously at 235.7 K (for these specific conditions) and inclusion of both homogenous and heterogeneous nucleation yield a good fit to the data (solid line). Freezing of droplets with a 0.1 wt% of kaolinite is dominated by heterogeneous nucleation at this cooling rate.
The competition between homogeneous nucleation and heterogeneous nucleation within droplets contaminated with mineral dust particles can be understood with the help of Fig. 9 . In this figure we have plotted the average time required for 50% of a monodispersed population of droplets to freeze (t 50 ) as a function of temperature. We have plotted two curves, the first for 20 µm diameter pure water droplets which froze homogeneously and the second for droplets of unspecified volume each contaminated with a spherical kaolinite particle of 1 µm diameter.
The time required for homogeneous nucleation varies much more steeply with temperature than heterogeneous nucleation on kaolinite, and these lines intersect at 236.6 K. Below this temperature the rate of homogeneous nucleation in a 20 µm droplet becomes more rapid than the rate of heterogeneous nucleation on the 1 µm mineral dust inclusion. This threshold will obviously depend on the volume of the droplet and size of the kaolinite particle. Homogeneous nucleation becomes more important in larger droplets, but heterogeneous nucleation becomes increasingly important in droplets with higher surface areas of kaolinite inclusion.
In Fig. 10 we illustrate the dependence of f ice on cooling rate based on the parameterisations outlined in equations 16-24. These calculations are for spherical kaolinite particles of 1 µm diameter immersed in droplets of 20 µm diameter. The size of the water droplet is only significant for the lowest temperatures (fastest cooling rates for kaolinite) where homogeneous nucleation competes with heterogeneous nucleation. On changing the cooling rate from 10 to 0.01 K min −1 the freezing curves shift to higher temperatures by 8 K. This is in contrast to a change in just 2 K for homogeneous nucleation over a similar range of cooling rates. It should be noted that we have extrapolated to cooling rates well beyond those in our experimental study in Fig. 10 and nucleation should be tested at the very slow cooling rates. However, the isothermal experiments support this extrapolation since they represent experiments at an infinitely slow cooling rate.
Summary and conclusions
We present the first experimental study in which the ice nucleating ability of kaolinite in the immersion mode has been quantitatively investigated as a function of clay surface area, cooling rate and at constant sub-zero temperatures. We show that the freezing temperature during cooling scales with surface area and also show that nucleation continues when the temperature is held constant.
The stochastic, singular and modified singular models of ice nucleation can all represent the freezing data from experiments in which the droplets were cooled at a rate between 0.8 and 10 K min −1 within experimental uncertainty. However, only the stochastic model can describe droplet freezing at constant temperature and reconcile this with freezing during cooling. Overall, we conclude that the single component Experimental data is compared with our parameterisation (solid lines) and homogeneous nucleation only (dashed line). The dotted line for the 0.005 wt% data is the fraction frozen if homogeneous nucleation is neglected, whereas the solid line is where both homogeneous and heterogeneous nucleation are included (Eq. 18). The radius of a single spherical clay particle that has the same surface area as the particles within a median droplet in our experiments is also given. stochastic model provides the best description of nucleation by kaolinite in the immersion mode since a single temperature dependent nucleation rate coefficient can be used for both freezing during cooling and at constant temperature. Fig. 10 . Fraction of droplets frozen for a range of atmospherically relevant cooling rates for 1 µm diameter kaolinite particles immersed in water droplets of 20 µm diameter. These lines were calculated based on equations 16 to 24. The vertical dotted line is the temperature below which homogeneous nucleation becomes increasingly dominant at 10 K min −1 . We have compared our cooling rate dependent parameterisation with that of Diehl and Wurzler (2004) for the same droplet size. Diehl and Wurzler's parameterisation neglects the cooling rate and the surface area dependence of heterogeneous ice nucleation. The dotted portion of the lines indicates the temperature regime over which our parameterisation is extrapolated.
The use of a time dependent model for heterogeneous freezing may be most important in clouds where the cooling is slow. For example, Crosier et al. (2011) describe a midlevel stratus cloud over southern England which persisted for many hours and ice particles were observed to precipitate out of the cloud over this period. They speculate that the continued production of ice crystals must either be due to entrainment of fresh ice nuclei into the top of the cloud or slow stochastic nucleation on a large population of inefficient ice nuclei. As Vonnegut and Baldwin (1984) suggested, if the time dependent nature of ice nucleation is important in atmospheric ice nuclei then we will need to measure the rate of ice particle production in addition to the number of active ice nuclei there are at a particular temperature. This is required to distinguish between a situation in which there are a small number of particles with a high probability of nucleating ice compared to a situation with a population of a large number of particles each with only a small probability of nucleating ice. More research is required to quantify the time dependence of nucleation of ice on a range of atmospherically relevant materials in order to address these issues.
By applying classical nucleation theory, immersion mode ice nucleation by kaolinite (KGa-1b) can be described by a single contact angle which is insensitive to temperature (at least in the range of temperatures probed here). This suggests that one kaolinite particle has very similar or identical ice nucleating properties to another kaolinite particle and kaolinite particles of the same size have the same probability of nucleating ice under a given set of conditions. This now needs to be tested on a single particle basis and in addition we need to test if kaolinite from other sources has the same ice nucleating properties as the sample used here. Comparison with the single particle ice nucleation measurements of Lüönd et al. (2010) suggests kaolinite from different sources may vary in ice nucleating properties.
In this paper we propose that a multiple component stochastic model may lead to the ability to predict the ice nucleating properties of any natural dust or aerosol. In order to achieve this goal we will need to measure the ice nucleation rate coefficients for all of the major atmospherically relevant ice nucleating aerosol species (including mineral dusts). Measuring ice nucleation by representative natural dusts from around the world is important, but given the variability of natural dusts from different sources and the evolution of dust composition after transport it is unclear if natural dusts from surface sources are representative of atmospheric dust. Combining global distributions of atmospheric aerosol composition with nucleation data for each major aerosol species may provide a more robust method of predicting ice nucleation in the current and future climate.
